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Providing the transmit line output signal
of the SLIC to the receive line input of the
SLIC by way of an impedance
405

Phase inverting the transmit line
output signal thereby effectively
generating a negative impedance
410

l

Muting the negative impedance
for the DSL band frequencies
415
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CENTRAL OFFICE INTERFACE
TECHNIQUES FOR DIGITAL SUBSCRIBER
LINES

RELATED APPLICATIONS

This application is a continuation-in-part of application
Ser. No. 09/570,804, filed May 15, 2000, and claims the
benefit of U.S. Provisional Application No. 06/250,531, filed
Nov. 29, 2000.

FIELD OF THE INVENTION

The invention relates to telecommunications, and more
particularly, to a digital subscriber line and POTS voice
interface between a telephone line and central office equip-
ment of a network operator providing POTS voice and
digital subscriber line data services.

BACKGROUND OF THE INVENTION

A conventional telephone transmission line is typically
comprised of a pair of copper conductors that connect a
telephone set to the nearest central office, digital loop carrier
equipment, remote switching unit or any other equipment
serving as the extension of the services provided by the
central office. This pair of copper conductors, which is also
referred to as a twisted pair, has its leads named as tip and
ring. The tip and ring nomenclature is derived from the
electrical contacts of an old-style telephone plug. A number
of such twisted pairs are generally bundled together within
the same cable binder group.

The demand for high bandwidth data transmission over
existing telephone transmission lines has led to the devel-
opment of digital subscriber line (DSL) technology. Several
variations of DSL technology (referred to generically as
xDSL or simply DSL) are evolving, such as SHDSL
(symmetric high-bit-rate DSL), HDSL?2 (second-generation
high-bit-rate DSL), RADSL (rate adaptive DSL), VDSL
(very high-bit-rate DSL), and ADSL (asymmetric DSL). In
general, a digital subscriber line is comprised of two DSL
modems coupled to one another by a twisted pair. The
transmit (Tx) and receive (Rx) signals of DSL communica-
tions are carried by the twisted pair.

Some DSL technologies, such as ADSL, have the advan-
tage that ordinary voice data transmissions (referred to as
Plain Old Telephone Service or POTS) can share the same
telephone line with digital data transmissions. The lower
frequency band of the telephone line is used for voice data,
while the upper frequency bands are used for digital data.
However, because each of these frequency bands operates
on the same phone line, such DSL technology employs a
splitter to isolate the signals of each band. More specifically,
the splitter isolates the low-frequency components (POTS
data) of the transmission, and the high-frequency compo-
nents (digital data) of the transmission. The splitter also
operates as a mixer to combine the high-frequency digital
data with the low-frequency voice data, and provides the
combined signal to the telephone line.

A problem with this splitter approach is that the passive
elements (e.g., inductors and capacitors) that can be used to
implement the low and high pass filters of the splitter are
bulky and cumbersome. This added bulk requires more
physical space to house the splitter, and consequently occu-
pies more physical space in the central office of the tele-
phone company. In the aggregate, the physical space con-
sumption resulting from this approach is costly. Also, this
approach is associated with additional material and manu-

10

15

20

25

30

35

40

45

50

55

60

65

2

facturing costs involved in building the splitters, as well as
costs associated with deploying those splitters.

A silicon broadband subscriber line interface circuit
(SLIC), on the other hand, provides an active discrete
splitter that is more compact than a passive splitter.
However, such technology requires a high-voltage, high-
speed silicon process and consumes significantly more
power thereby limiting the service circuit line density.
Moreover, this approach requires an additional power
backup in order to sustain the supported communication
channels for the same time period compared to that of a
POTS only service in the event of a power failure.

What is needed, therefore, is an improved interface
between a telephone line and the central office that can
receive and isolate (or combine) low frequency POTS data
and high frequency digital data from the telephone line.

BRIEF SUMMARY OF THE INVENTION

One embodiment of the present invention provides a
technique for synthesizing a negative impedance to provide
a desired input impedance of a POTS line card, the POTS
line card having a DC blocking capacitor of a DSL coupling
transformer connected across its two wire interface. The
technique includes providing a transmit line output signal of
a SLIC included in the POTS line card to a receive line input
of the SLIC by way of an impedance. The technique further
includes phase inverting the transmit line output signal
thereby effectively generating a negative impedance. The
technique further includes muting the negative impedance
over DSL frequency band signals, but not over POTS
frequency band signals. Another embodiment of the present
invention provides a negative impedance synthesis circuit
operatively coupled between a transmit line output of a
POTS line card SLIC and a receive line input of the POTS
line card SLIC. The circuit includes an impedance in series
with a unity gain phase inverter. The unity gain phase
inverter is adapted to receive a transmit line output signal of
the POTS line card SLIC, and to phase invert the transmit
line output signal thereby synthesizing a negative imped-
ance. The circuit further includes a low pass filter in series
with the unity gain phase inverter. The low pass filter is
adapted to mute the synthesized negative impedance over
DSL frequency band signals, but not over POTS frequency
band signals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a central office interface for
a digital subscriber line in accordance with one embodiment
of the present invention.

FIGS. 2a, 2b, and 2c¢ illustrate models of negative imped-
ance synthesis circuitry in accordance with one embodiment
of the present invention.

FIG. 3 illustrates example frequency ranges of POTS and
DSL communication signals, and how each frequency range
relates to the magnitude of a reactive impedance in accor-
dance with one embodiment of the present invention.

FIG. 4 illustrates a method for synthesizing a negative
impedance to provide a desired input impedance of a POTS
line card at the tip and ring.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a block diagram of a central office interface for
a digital subscriber line in accordance with one embodiment
of the present invention. The interface includes POTS line
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card 105 and DSL modem 121. A ringing circuit including
source 135, coupler 143 and coupler 145 may also be
included. POTS line card 105 and DSL modem 121 can be
implemented, for example, as a single discrete assembly
(e.g., printed circuit board), or separately as individual
modules (e.g., a number of integrated circuits).

POTS line card 105 is comprised of a subscriber line
interface circuit (SLIC) 109 and a programmable CODEC
107. Switches 111 and 113 may also be included in POTS
line card 105 for the purpose of switching a ringing circuit
in and out. Note that alternative embodiments need not
include switches 111 and 113.

The SLIC 109 is used for interfacing the telephone line
with programmable CODEC 107, and performs 2-to-4-wire
conversion, which converts the bi-directional two-wire (tip
and ring) signal from the telephone line into two pairs of
one-directional transmissions. One pair is for receiving and
the other pair is for transmitting. SLIC 109 is configured to
synthesize a negative impedance across its transmit line
(Tx__line) output and receive line (Rx_line). The circuitry
employed to synthesize the negative impedance may be
included in SLIC 109 or external to SLIC 109. For example,
a signal path via a frequency variant two port network can
be added from the transmit line output of SLIC 109 (output
towards CODEC 107) to the receive line input of SLIC 109
(input from CODEC 107) by way of an impedance thereby
providing a feedback loop in addition to conventional
impedance synthesis network associated with SLIC 109.
SLIC 109 may also include, for example, DC signaling
circuits to establish, control and terminate calls. It may also
include a ring generator and or an off-hook detector. Note
that for purposes of simplicity, the transmit ground output of
SLIC 109, which is the reference to the transmit line
(Tx__line), is not shown. Similarly, the receive ground input
of SLIC 109, which is the reference to the receive line
(Rx__line), is not shown.

In one respect, programmable CODEC 107 is used to
convert analog POTS band signals received from the line to
their digital equivalent. In another respect, CODEC 107 is
used to convert digital POTS band signals received from the
interface to their analog equivalent for transmission onto the
line. A CODEC may also have voice compression and
decompression capabilities. CODEC 107 can be coupled
with, for example, a PCM interface for transmission to other
central offices or other networks. Those skilled in the art will
recognize other interface protocols that can be implemented
here as well.

DSL modem 121 is comprised of digital signal processor
(DSP) 123, analog front-end (AFE) 125, hybrid/line driver
127, and transformer 129. Transformer 129 includes DC
blocking capacitor 141. DSL. modem 121 can, for example,
employ asymmetric DSL (ADSL) technology or other DSL-
based technologies. Generally, this modem converts the
analog voltage received from the line to its digital equiva-
lent. This digital data can then be applied to a network or
backbone for further processing or transmission. A typical
protocol implemented in the transmission of this data is the
asynchronous transfer mode (ATM). Those skilled in the art
will recognize other protocols that can be implemented here
as well.

Transformer 129 is a balanced interface for coupling the
line to the DSL circuitry. DC blocking capacitor 141 is
connected between the windings on the line side of trans-
former 129. This DC blocking capacitor 141 prevents DC
current from flowing through the line side of the transformer.
Thus, any DC component of the signal received from the
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telephone line will not cause coupling transformer 129 to
saturate. Recommendations G.992.1 and G.992.2 of the
Telecommunications Standards Section of the International
Telecommunication Union (sometimes designated as ITU-
T) each define specifications for such a DC blocking capaci-
tor. Recommendations G.992.1 and G.992.2 also define
ADSL transceiver units. Recommendation G.992.1 refers to
an asymmetric digital subscriber line (ADSL) transceiver
that is an ADSL industry standard for network access at rates
up to 8.192 mbit/s downstream (toward subscriber) and 640
kbit/s upstream (toward central office or network
administrator). Recommendation G.992.2, on the other
hand, refers to an ADSL transceiver that is a lower data rate
version of a G.992.1 ADSL transceiver. Bit rates up to 1.5
mbit/s in the downstream direction and 512 kbit/s upstream
are possible with this standard. Each of these recommenda-
tions is herein incorporated by reference in its entirety.

Splitterless Interface

The present invention eliminates the need for a splitter
(for isolating the POTS and DSL signals), and the telephone
line is applied directly across the line side of coupling
transformer 129 of the central office modem. DC blocking
capacitor 141 is serially coupled to the line side of trans-
former 129. As there is no splitter, the POTS line card is
connected across capacitor 141. The reactance of capacitor
141, in conjunction with the reactance of the magnetizing
inductance of transformer 129, provides a splitter function
between the POTS and DSL circuits.

More specifically, the magnitude of the capacitive 141
reactance decreases as frequency increases effectively cre-
ating a short-circuit, where as the magnitude of the capaci-
tive 141 reactance increases as frequency decreases effec-
tively creating an open-circuit. Thus, at low frequencies
(e.g., POTS band frequencies), the magnitude of the capaci-
tive 141 reactance represents an open state, and at high
frequencies (e.g., DSL band frequencies), the magnitude of
the capacitive 141 reactance represents a closed state. An
opposite condition applies to the windings of coupling
transformer 129. As frequency decreases, the magnitude of
the windings’ impedance (also referred to as the reactance of
the magnetizing inductance) decreases. Likewise, as fre-
quency increases, the magnitude of the windings’ imped-
ance increases. The line side windings of the coupling
transformer are effectively in series with the capacitor.

Ideally, capacitor 141 would be a perfect open-circuit
(e.g., impedance with infinite magnitude) at frequencies in
the POTS band, and would be a perfect short-circuit (e.g.,
impedance with zero magnitude) at frequencies in the DSL
bands. The line side of transformer 129 would therefore be
open-circuited by capacitor 141 at POTS band frequencies.
As such, the POTS line card 105 would consequently
receive the entire POTS signal power from the telephone
line. On the other hand, the POTS line card 105 would be
short-circuited by capacitor 141 at DSL band frequencies.
As such, the DSL. modem would consequently receive the
entire DSL signal power from the telephone line.

As such ideal conditions are generally not practical, a
more realistic approach is provided. For POTS band
frequencies, the magnitude of the capacitive 141 reactance
is in its high or open state, and the magnitude of the
impedances of the windings are effectively short-circuits
(closed state). As such, at POTS band frequencies, the POTS
circuit interfaces with the line as if the DSL circuit is not
present. For DSL frequencies, the magnitude of the capaci-
tive 141 reactance is in its low or closed state, and the
magnitudes of the impedances of the windings are effec-
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tively open-circuits (high state). As such, at DSL band
frequencies, the DSL circuit interfaces with the line as if the
POTS circuit is not present. Thus, capacitor 141 and line
side windings of coupling transformer 129 provide the
functionality of a splitter. The gap in the frequency spectrum
between the POTS band and the DSL band provides capaci-
tor 141 an interstate range for transitioning from an imped-
ance having a high magnitude to an impedance having a low
magnitude.

In one embodiment, capacitor 141 has a value in a range
as specified by ITU-T Recommendations G.992.1 and
G.992.2 (e.g., 20 to 35 nanofarads). In other embodiments,
capacitor 141 has a larger value (e.g., 35 nanofarads to 0.5
microfarads). Note that the actual selected value of capacitor
141 depends on factors such as the desired sound quality of
the communication channel, the desired level of attenuation
of DSL signals entering the POTS band, the desired fre-
quency response of DSL signals, and given industry regu-
lations. As the value of capacitor 141 increases, the level of
attenuation of DSL signals entering the POTS band
increases. However, while increased capacitance provides
better frequency response for the DSL band, it disturbs the
structural impedance of the POTS band. As such, a negative
capacitance is needed to compensate for the effect of capaci-
tor 141 on the structural impedance of the POTS band. Note
that the attenuating effect of capacitor 141 with respect to the
DSL band remains intact, while the negative capacitance
maintains the desired POTS structural impedance.

In more detail and by way of example, the structural
impedance of central office POTS line card 105 is typically
about 900 ohms in series with 2.16 microfarads capacitance
for applications in the United States. Connecting the capaci-
tor 141 across the two wire interface of POTS line card 105
causes a two-wire and four-wire impedance mismatch and
degraded transmission characteristics (e.g., as set forth by
the applicable standards such as Bellcore or equivalent
standards). This generally results in a less than optimal
sound quality of the POTS communication channel.
However, this impedance mismatch can generally be com-
pensated for by properly programming CODEC 107
included in the POTS line card by synthesizing the proper
two-wire and four-wire impedance, and the proper transmit
and receive path frequency equalization.

For example, programmable CODEC 107 can be pro-
grammed to synthesize desired transmission characteristics
by employing a DSP filter circuitry of the CODEC. CODEC
107 can also be programmed to compensate for physical
components connected across the two wire interface of the
POTS line card 105. In general, a software tool with
integrated circuit simulation program (e.g., PSPICE or other
simulation software) is available from the CODEC supplier.
This program can be used to calculate and simulate the
necessary DSP code to implement the desired transmission
characteristics without employing any additional hardware
circuitry to an existing POTS design. Thus, a full DSP
implementation is possible. Once the desired transmission
characteristics are identified and the physical circuit network
is modeled, the simulation program can be used to obtain the
desired performance from POTS line card 105. The DSP
filter coefficients can then be calculated thereby allowing the
programmable CODEC (in which the DSL filters have been
implemented) to synthesize the desired circuit response.

In some embodiments, however, limitations associated
with the given CODEC (e.g., DSP filter circuitry limitations)
may require additional circuitry in order to achieve optimal
sound quality of the POTS communication channel. For
instance, a CODEC may have been designed to synthesize
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structural impedance values in a limited fashion, such as the
900 ohms resistance in series with 2.16 microfarads of
capacitance. As such, larger values of a physical capacitor
present at the transmission port of the POTS line card may
be too large for the rated capacity of the DSP filter inside the
CODEC thereby causing an unacceptable degree of imped-
ance mismatch. In such a case, a negative impedance can be
synthesized to effectively adjust the impedance mismatch
caused by the physical capacitor so that the resulting overall
impedance mismatch is not beyond the scope of the rated
capacity of the DSP filter inside the CODEC. The CODEC
can then perform any necessary compensation as previously
explained.

A negative impedance network essentially renders the
physical impedance invisible (nulled) to an independent
voltage or current stimulus by diverting the current resulting
from the voltage or current stimulus that would normally
flow across the physical impedance. In response to the
diverted current flowing into the negative impedance syn-
thesis network, the physical impedance is rendered invisible
or nulled. Note that a physical capacitor can also be made to
appear larger or smaller (as opposed to nulled) through this
current diversion. In accordance with one embodiment of
the present invention, the physical capacitance used to filter
out DSL frequencies from the POTS band (e.g., DC blocking
capacitor 141) is effectively nulled by synthesizing an
appropriate negative impedance (in this case a negative
capacitance).

The synthesized negative impedance is frequency variant
in that it only affects a specific band of frequencies (e.g., the
POTS band frequencies). For frequencies outside that spe-
cific band of frequencies, the synthesized negative imped-
ance is muted (e.g., gradually reduced and nulled above a
preset frequency) so that its effect is essentially disabled.
One reason for this frequency variant quality is that the
physical capacitance is desired to be present within the
higher DSL frequency band. Another reason is that the
POTS SLIC circuit (e.g., SLIC 109 of FIG. 1) may not have
sufficient current budget (diverting current) to synthesize a
negative impedance in the higher frequency bands.
Typically, a SLIC designed for voice applications has
adequate current budget only for DC line feed plus AC
induced noise current and voice transmission. To synthesize
the negative impedance within the DSL band may cause the
SLIC’s current budget to be exceeded causing the SLIC to
saturate thereby disturbing the voice transmission and the
DC line feed. Thus, a frequency variant negative capacitance
is provided. A model of negative capacitance synthesis
circuitry for providing additional negative frequency variant
capacitance will now be discussed in reference to FIGS.
2a-c.

FIG. 24 illustrates a model of negative impedance syn-
thesis circuitry in accordance with one embodiment of the
present invention. The model includes a tip and ring current
driver 2085, a voltage amplifier 210, a current amplifier 220,
and an impedance Zo 215. For the sake of clarity, note the
following definitions:

Vin: Input voltage received from tip and ring;

Vo: Output voltage of transmit line;

Iin: Input current received from tip and ring;

I_inp: Input current of receive line;

Iout: Output current of receive line;

K1: Current amplifier gain;

K2: Voltage amplifier gain;
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Zo: Impedance; and

Zi: Negative synthesized impedance at the tip and ring.
The negative synthesized impedance at the tip and ring
(Zi) can be derived (in the s domain) as follows:

Zi(s)=Vin(s)/Iin(s) (Equation 1)

Vo(s)=Vin(s)*(-K2) (Equation 2)

I_inp()=Vo(s)/Zo(s) (Equation 3)

I()=K1* I_inp(s) (Equation 4)

Substituting Equation 3 in Equation 4:

1()=K1* Vo(s)/Zo(s) (Equation 5)

Substituting Vo(s) in Equation 5:

1()=K1*(-K2)* Vin(s)/Zo(s) (Equation 6)

1(s)=—Iin(s) (Equation 7)

Yielding:

Zi(s)=Vin(s)/(K1*K2*Vin(s)/Zo(s)) (Equation 8)

Zi(s)=Zo(s)/(K1*K2) (Equation 9)

This model of negative impedance synthesis circuitry may
be implemented as part of the SLIC of a POTS line card. In
such an embodiment (assuming a current feed electronic
SLIC), the structural impedance of the POTS line card is
effectively synthesized by the SLIC. Alternatively, the
model of negative impedance synthesis circuitry can be
implemented externally to the SLIC. In either case, the
transmit line output of the SLIC is feedback to the receive
line input by way of negative impedance synthesis circuitry
in accordance with the present invention. Note that numer-
ous SLIC configurations and models can be employed in the
context of the present invention. The present invention is
flexible in that its underlying principles can be equally
applied to all SLIC types regardless of topology (e.g., a
current feed or voltage feed topologies). Regardless of SLIC
topology, a feedback loop is established to perform the
impedance synthesis loop as described herein. For example,
the circuit model shown in FIG. 2a has a current feed into
a load and voltage feedback topology that corresponds to a
current feed SLIC. However, a circuit employing a voltage
feed into a load and current feedback topology could be used
for a voltage feed SLIC. Such implementation variations
will be apparent to one skilled in the art in light of this
disclosure.

As illustrated by the model, an impedance Zo 215 is
placed between the output of voltage amplifier 210 and the
receive line (Rx__line) input of current amplifier 220. Note
that the output of voltage amplifier 210 is the transmit line
(Tx__line), and the input of the current amplifier 220 is the
receive line (Rx_line). In the context of a current feed
electronic SLIC operating in accordance with the principles
of the present invention, the output of the voltage amplifier
210 represents the transmit line from the SLIC to the
CODEC. This voltage output is fed back to the input of
current amplifier by way of impedance 215. As such, the
receive line from the CODEC to the SLIC is essentially
summed with the voltage feedback. The output of the current
amplifier 220 drives the receive line load onto the tip and
ring. Impedance Zo 215 is scaled by the voltage and current
gain values as determined by the gain blocks 210 and 220,
where K2 and K1 are the respective scalar gain factors. The
resulting scaled impedance represents Zi.
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The synthesized negative impedance Zi acts as a shunt
impedance across the DC blocking capacitor and the POTS
structural impedance thereby yielding a total input imped-
ance that equals the desired input impedance only. As such,
the effect of the DC blocking capacitor is effectively elimi-
nated within the POTS band. With respect to the DSL band,
the synthesized negative impedance can be muted (e.g., with
filtering) so that the attenuating effect of the DC blocking
capacitor prevails at its rated value. Thus, the splitter func-
tion provided by the DC blocking capacitor (in conjunction
with the coupling transformer windings) remains intact for
the DSL band. Note that the inductive reactance of the
coupling transformer windings typically have a negligible
impact on the input impedance of the POTS line card. This
is because the value of reactance within the POTS passband
is small compared to the structural impedance of the POTS
circuitry. Thus, the most significant contributor to the mea-
sured impedance across the tip and ring is the DC blocking
capacitor. Further note that the larger the value of the DC
blocking capacitor, the less the DSL band will be impacted
by POTS band frequencies.

This model of negative capacitance synthesis circuitry (in
conjunction with the conventional impedance synthesis net-
work associated with POTS SLIC circuitry) can be config-
ured to provide an overall structural impedance that is
substantially equal to the desired POTS line card input
impedance (e.g., 900 ohms in series with a 2.16 microfarads
capacitance). Note that other desired input impedance values
can be synthesized as well. The principles of the present
invention are flexible and may be applied to provide a
negative capacitance synthesis circuit that can scale a wide
range of Zo impedance 215 values to a particular desired
negative impedance. As such, a POTS plus DSL circuit
interface is enabled for numerous applications (both domes-
tic and international) with no limitation due to specifications
associated with given POTS and DSL services (as defined by
the likes of industry standards/regulations and network
operators). Equations 1 through 9 and the circuit models
provided herein will give rise to a number of physical
implementations for the negative capacitance synthesis cir-
cuit. As such, the present invention is not intended to be
limited to any one physical implementation. For example, as
the model shown in FIG. 2¢ illustrates a current feed into a
load and voltage feedback topology, it will further be
apparent that a voltage feed into a load and current feedback
topology may also be employed in accordance with the
present invention.

In reference now to FIG. 2b, it can be seen that impedance
Zo 215 of FIG. 2a can be realized by an active unity gain
phase inverter 230 in series with a capacitor 225. Generally,
connecting an active unity gain phase inverter in series with
an impedance synthesizes a negative of that impedance. The
negative impedance is scaled by the value of the gain blocks
employed as described by the equations 1 through 9. Thus,
the value of capacitor 225 generally determines the negative
capacitance value that appears at the tip and ring of the
POTS line card. As such, the magnitude of the synthesized
negative capacitance in one embodiment is substantially
equal to that of the DC blocking capacitor. However, factors
such as component tolerances, temperature variations, com-
ponent aging and parasitics (e.g., due to printed circuit board
layout) typically preclude an ideal match between the DC
blocking capacitor magnitude and the synthesized imped-
ance magnitude. As such, the structural impedance of the
POTS line card may be slightly off thereby causing an
impedance mismatch and a less than optimal sound quality
of the POTS communication channel. Recall, however, that
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this impedance mismatch can generally be compensated for
by properly programming a CODEC included in the POTS
line card.

In order to maintain the synthesized negative impedance
across the POTS frequency band, but to eliminate it across
DSL band, the phase inverter can be cascaded with a low
pass filter 235 as shown in FIG. 2¢. In this sense, the
synthesized negative impedance is said to be frequency
variant. Low pass filter 235 has a cutoff frequency above the
POTS pass band. For example, in one embodiment low pass
filter 235 is a second order low pass filter having a cut off
frequency in a range from 4 KHz to 6 KHz. Note that the
cutoff frequency may be lower or higher depending on
factors such as the given POTS band and DSL band fre-
quency spectrums. Thus, the impedance synthesis circuitry
operates as a phase inverter within the POTS band thereby
synthesizing the negative capacitance to compensate for the
DC blocking capacitor. Within the DSL band (which falls
within the stop band of the low pass filter 235), however, the
phase inverter is effectively disabled thereby allowing the
DC blocking capacitor to fulfill its attenuating purpose. Note
that the order of low pass filter 235 can vary depending on
the desired result. Generally, the greater the filter order, the
greater the roll off rate at the cut off frequency.

Implementation Details

Generally, there are many SLICs and CODECs available.
Depending on the vendors used, the SLIC and CODEC of a
POTS line card may produce noise that is outside the POTS
frequency band, but low enough in frequency that the noise
may not be effectively filtered by the DC blocking capacitor
in conjunction with the windings of the coupling trans-
former. Although such noise (which may manifest as a faint
hissing sound during silent periods of a phone call) is
generally not a problem for POTS band applications (e.g., as
long as the required idle channel noise specifications are met
as set forth by applicable standards), its presence within the
DSL band may limit the maximum connect rate that can be
achieved for that particular DSL. To eliminate such noise,
additional filtering can be provided. For example, a low pass
filter can be deployed across the POTS line card two wire
interface. Note that such additional filtering is compensated
for in the same manner that the DC blocking capacitor is
compensated for. Whether such a low pass filter is employed
depends on factors such as the desired sound quality and
desired idle channel noise level. For instance, specification
TR-NWT-000057 (Telcordia, Inc. formerly Bellcore, Inc.)
specifies an idle channel noise level that may require such
filtering. Note, however, that meeting this specification is
not necessary for the present invention to operate.

FIG. 3 illustrates example frequency ranges of POTS and
DSL communication signals, and how each frequency range
relates to the magnitude of a reactive impedance in accor-
dance with one embodiment of the present invention. As
shown, POTS frequency band 305 ranges from approxi-
mately DC to 4 KHz. The DSL frequency band 310, in this
example, ranges from approximately 25 KHz up to 1.1 MHz.
Those skilled in the art understand that some DSL technolo-
gies provide separate bands for upstream data and down-
stream data. For example, an ADSL upstream data channel
might operate within a frequency spectrum ranging from
approximately 85 to 95 KHz. An ADSL downstream data
channel might operate within a frequency spectrum ranging
from approximately 100 KHz to 500 KHz.

Also shown in FIG. 3 is the magnitude of a reactive
impedance 315 relative to frequency bands 305 and 310.
This reactive impedance 315 can be, for example, serially
connected to the line side of a DSL coupling transformer as
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a DC blocking capacitor (e.g., 141 of FIG. 1). As the
frequency increases, the magnitude of the reactive imped-
ance 315 decreases. In the embodiment shown, the reactive
impedance 315 has a high magnitude region referred to as
open state 320, a transition region referred to as transition
state 325, and a low magnitude region referred to as closed
state 330.

The open state 320 corresponds to magnitudes of reactive
impedance 315 that are responsive to signals in the POTS
frequency band 305. POTS signals are intended to be
received by, for example, a POTS line card or its equivalent.
The closed state 330 corresponds to magnitudes of reactive
impedance 315 that are responsive to signals in the DSL
frequency band 310. Such signals are intended to be
received by, for example, a DSL modem or its equivalent.
The transition state 325 corresponds to magnitudes of reac-
tive impedance 315 that are responsive to signals in the
frequency band between the highest POTS band 305 fre-
quency (e.g., 4 KHz) and the lowest DSL band 310 fre-
quency (e.g., 25 KHz). Thus, reactive impedance 315 can
have an open state magnitude, a closed state magnitude, or
a transition state magnitude.

In one embodiment, reactive impedance 315 is provided
by a capacitor ranging from approximately 27 nanofarads to
47 nanofarads. In alternative embodiments, reactive imped-
ance 315 is provided by a capacitor ranging from approxi-
mately 47 nanofarads to 0.4 microfarads. However, the
value of the capacitor depends on factors such as the
applicable specification or ITU recommendation and the
particular application. Thus, the above ranges are not
intended as limitations, but merely as example ranges. The
type of capacitor may be a 250 volt (or higher) metalized
polyester self-healing capacitor, although those skilled in the
art will recognize that the type of capacitor can vary
depending, for instance, on the particular application.

The impedance of the capacitor is calculated by the
equation: —j/(2*mx*F*C) where F is the frequency of the
signal applied to the capacitor, and C is the value of the
capacitor. For example, the magnitude of the impedance of
a 0.3 microfarad capacitor at 2 KHz is approximately 265
ohms. The magnitude of the impedance of that capacitor at
4 KHz is approximately 133 ohms. The magnitude of the
impedance of that capacitor at 25 KHz is approximately 21
ohms. The magnitude of the impedance of that capacitor at
500 KHz is approximately 1 ohm. In this embodiment then,
the open state 320 of the reactive impedance 315 would
provide an impedance having a magnitude of approximately
133 ohms or greater, while the closed state 330 would
provide an impedance having a magnitude of approximately
21 ohms or less.

Depending on what state the magnitude of reactive
impedance 315 is in at any one frequency, a portion of the
signal power corresponding to that frequency will be deliv-
ered to a POTS line card means. Likewise, a portion of the
signal power corresponding to that frequency will be deliv-
ered to a DSL. modem means. As the magnitude of reactive
impedance 315 decreases at increasing frequencies, the
greater the portion of the signal power corresponding to
those frequencies that is delivered to the DSL modem
means, and less signal power corresponding to those fre-
quencies is delivered to the POTS line card means. On the
other hand, as the magnitude of reactive impedance 315
increases at decreasing frequencies, the greater the portion
of the signal power corresponding to those frequencies that
is applied to the POTS band line card means, and less signal
power corresponding to those frequencies is delivered to the
DSL modem means.
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Impedance 315 can be implemented so as to optimize the
amount of signal power at any one frequency that is to be
delivered to one of the POTS line card means and the DSL
modem means. Optimal amounts, for example, might cor-
relate to the smallest portion of DSL band signal power
being delivered to the POTS line card given a particular
frequency spectrum. Conversely, an optimal amount might
correlate to the smallest portion of POTS band signal power
being delivered to the DSL modem given a particular
frequency spectrum. Those skilled in the art understand that
the particular frequency spectrum is dependent, for example,
on the type of DSL modem employed, the system bandwidth
requirements for upstream and downstream communication
channels, and the frequency range of those communication
channels.

FIG. 4 illustrates a method for synthesizing a negative
impedance to provide a desired input impedance of a POTS
line card at the tip and ring. The method may be
implemented, for example, to compensate for a DC blocking
capacitor that is coupled across the two wire interface of the
POTS line card in accordance with one embodiment of the
present invention. The method begins with providing 405
the transmit line output signal of the SLIC to the receive line
input of the SLIC by way of an impedance. In one
embodiment, this impedance is realized by a capacitor that
is substantially equal in value to the DC blocking capacitor.
The method further includes phase inverting 410 the trans-
mit line output signal thereby effectively generating a nega-
tive impedance. This step can be performed, for example, by
a conventional unity gain phase inverter coupled in series
with the impedance. The method proceeds with muting 415
the negative impedance over the DSL frequency band. This
allows the DC blocking capacitor to fulfill its attenuating
purpose as earlier described. This step can be performed, for
example, by a low pass filter having a cut off frequency
above the POTS frequency band (e.g., 5 KHz).

The foregoing description of the embodiments of the
invention has been presented for the purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed. Many modifi-
cations and variations are possible in light of the above
teaching. It is intended that the scope of the invention be
limited not by this detailed description, but rather by the
claims appended hereto.

What is claimed is:

1. A system for interfacing a telephone line having a first
wire and a second wire with a central office, the system
comprising:

a DSL circuit connected to a coupling transformer having

a line side and a circuit side, the DSL circuit adapted to
process DSL frequency band signals received from the
telephone line, wherein the line side of the transformer
is coupled between the first and second wires of the
telephone line;

a DC blocking capacitor serially coupled between wind-
ings of the line side of the transformer, the DC blocking
capacitor having an impedance;

a POTS circuit having a two wire interface, and adapted
to process POTS frequency band signals received from
the telephone line, wherein the two wire interface of the
POTS circuit is operatively coupled across the DC
blocking capacitor; and

a negative impedance synthesis circuit operatively
coupled to the POTS circuit, the negative impedance
synthesis circuit configured to synthesize an impedance
that compensates for the impedance of the DC blocking
capacitor.
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2. The system of claim 1 wherein the DC blocking
capacitor has an open state magnitude in response to POTS
frequency band signals.

3. The system of claim 1 wherein the DC blocking
capacitor has a closed state magnitude in response to DSL
frequency band signals.

4. The system of claim 1 wherein the POTS circuit
includes a CODEC that is programmed to compensate for
effects the DC blocking capacitor has on POTS band struc-
tural impedance.

5. The system of claim 1 wherein the negative impedance
synthesis circuit includes a unity gain phase inverter in
series with a capacitor that is substantially equal in value to
the DC blocking capacitor value.

6. The system of claim 5 wherein a transmit line output
signal of the POTS circuit is provided to an input of the unity
gain phase inverter and a receive line input of the POTS
circuit is coupled to the capacitor in series with the unity
gain phase inverter.

7. The system of claim 1 wherein the negative impedance
synthesis circuit includes a low pass filter for muting the
synthesized impedance in the DSL frequency band.

8. The system of claim 1 wherein the negative impedance
synthesis circuit includes a low pass filter in series with a
unity gain phase inverter in series with a capacitor that is
substantially equal in value to the DC blocking capacitor
value.

9. A method for synthesizing a negative impedance to
provide a desired input impedance of a POTS line card, the
POTS line card having a DC blocking capacitor of a DSL
coupling transformer operatively coupled across its two wire
interface, the method comprising:

providing a transmit line output signal of a SLIC included
in the POTS line card to a receive line input of the SLIC
by way of an impedance;

phase inverting the transmit line output signal thereby
synthesizing a negative impedance that compensates
for impedance of the DC blocking capacitor; and

muting the negative impedance over DSL frequency band
signals, but not over POTS frequency band signals.

10. The method of claim 9, wherein the impedance is a
capacitor that is substantially equal in value to the DC
blocking capacitor value.

11. The method of claim 9, wherein the phase inverting
step is performed by a unity gain phase inverter in series
with the impedance.

12. The method of claim 9, wherein the muting step is
performed by a low pass filter in series with the impedance,
the low pass filter having a cut off frequency above the
POTS frequency band.

13. A negative impedance synthesis circuit operatively
coupled between a transmit line output of a POTS line card
SLIC and a receive line input of the POTS line card SLIC,
the circuit comprising:

an impedance;

a unity gain phase inverter in series with the impedance,
the unity gain phase inverter adapted to receive a
transmit line output signal of the POTS line card SLIC,
and to phase invert the transmit line output signal
thereby synthesizing a negative impedance;

a low pass filter in series with the unity gain phase
inverter, the low pass filter adapted to mute the syn-
thesized negative impedance over DSL frequency band
signals, but not over POTS frequency band signals;

wherein the synthesized negative impedance compensates
for an impedance mismatch caused by operatively
coupling the POTS line card SLIC to a splitterless
interface.
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14. The circuit of claim 13, wherein the impedance is a
capacitor.

15. The circuit of claim 13, wherein the low pass filter is
a second order filter and has a cutoff frequency above the
POTS frequency band.

16. A negative impedance synthesis circuit operatively
coupled between a transmit line output of a POTS line card
SLIC and a receive line input of the POTS line card SLIC,
the circuit comprising:

an impedance;

a phase inverting means in series with the impedance and
adapted to receive a transmit line output signal of the
POTS line card SLIC, the phase inverting means for
phase inverting the transmit line output signal thereby
synthesizing a negative impedance;

a filtering means in series with the phase inverting means,
the filtering means for muting the synthesized negative
impedance over DSL frequency band signals, but not
over POTS frequency band signals;

wherein the synthesized negative impedance compensates
for an impedance mismatch caused by operatively
coupling the POTS line card SLIC to a splitterless
interface.
17. The circuit of claim 16, wherein the impedance is a
capacitor.
18. The circuit of claim 16, wherein the filtering means is
a second order low pass filter having a cutoff frequency
above the POTS frequency band.
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19. The circuit of claim 16, wherein the phase inverting
means is a unity gain phase inverter.

20. Asystem for interfacing a telephone line with a central
office, the system comprising:

a transformer having split primary windings and second-
ary windings, the primary windings adapted to be
coupled to a telephone line;

a DSL interface coupled to the secondary windings for
receiving DSL data signals;

a Plain Old Telephone Service (POTS) interface coupled
to the split primary windings for receiving POTS
signals; and

a dc blocking capacitor serially coupling the split primary
windings and coupled to the POTS interface, the dc
blocking capacitor for shorting the POTS interface
from the primary windings for input signals having
frequencies above a POTS frequency range.

21. The interface of claim 20, further comprising:

a negative impedance network for synthesizing a negative
impedance for adjusting an impedance mismatch
between the telephone line and the POTS interface due
to impedance associated with the dc blocking capacitor.

22. The interface of claim 21, wherein the synthesized

negative impedance only affects POTS band frequencies.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 6,826,278 B2 Page 1 of 1
DATED : November 30, 2004
INVENTOR(S) : Serdar Kiykioglu

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Title page,
Item [56], References Cited, OTHER PUBLICATIONS, insert the following:

-- PCT International Search Report, International Application No. PCT/US02/21053,
October 29, 2002, 3 pages --

Signed and Sealed this

Third Day of May, 2005

o W D

JON W. DUDAS
Director of the United States Patent and Trademark Office




